Abstract: Background: In adulthood, depression is the most common type of mental illness and will be the second leading cause of disease by 2020. Major depression dramatically affects the function of the central nervous system and degrades the quality of life, especially in old age.
terest or pleasure in almost all activities, significant loss or gain of weight without dieting, psychomotor agitation or retardation, fatigue, feelings of guilt, diminished ability to think or concentrate, and recurrent thoughts of death [4] . In the worst cases, depressed patients may commit suicide. MDD is the second cause of death in people from 15 to 29 years of age, with around 800.000 deaths every year [1] . DSM-5 does not have different diagnostic criteria based on age [4] , in fact depression can affect people throughout their entire lifespan and it is estimated that around 1-5% of people of 65 years of age or older are depressed [5] . When depression onset occurs in 60-65 years old people or older, it can be defined as late-life depression (LLD). The late onset of MDD accounts only for half of the depressive cases [6] . Through a meta-analysis, Luppa and colleagues showed that in 75 years old patients the pooled prevalence of MDD was 7.2% and 17.1% for depressive disorders [7] . The prevalence increases if the elders are in long-term care facilities [8] .
Comorbidity
Depressive illness in the elderly increases morbidity, disability, functional decline, caregiver burden and premature mortality, and enhances health care costs [2, 6, 9] . LLD represents the major risk factor for suicide in the elderly [10] .
Depression that affects people later in life is frequently associated with a cognitive decline, which often involves multiple cognitive domains, such as memory, attention, visual and verbal abilities, and finally executive functions [11] [12] [13] . These events depend on heterogeneous mechanisms and are characterized by extremely different clinical progressions. Indeed, in some cases, problems associated with cognitive malfunctions show a partial regain of function following the remission of depression (the so-called pseudodementia) [14, 15] ; however, in other cases these complications lead to the classic senile dementia [16] . Furthermore, cognitive deficits can remain active even after the remission of depression. A bulk of evidence shows that depression is both a risk factor for and a prodrome of dementia [6, [17] [18] [19] [20] [21] [22] .
Finally, depression can share some pathophysiological characteristics with a lot of non-neurological diseases, like cardiovascular problems [23] , which increase the production of proinflammatory cytokines [24] and the level of homocysteine in plasma [25] . Moreover, as cardiovascular disorders, depressive disorders are characterized by decreased glucose metabolism [26] and blood flow abnormalities [27].
Hypothesized Mechanisms of Depressive Disorders
Several hypotheses have been proposed to explain depressive illness, since it has a multifactorial etiopathogenesis linked to genetic, biological, environmental, social, and psychological factors.
During aging, starting from 40 years old, our brain loses around 5% of volume and weight each 10 years [28] . The frontal lobes are the brain structures that are more vulnerable to normal age-changes [29] , but thanks to different magnetic resonance imaging (MRI) studies, we know that the whole brain goes to normal atrophy. Fjell and colleagues reported a negative correlation between cortical thickness and age, and an annual hippocampal atrophy of 0.79% to 2.0% [30] . Interestingly, there is a direct link between reduction in hippocampal size and impaired mnesic functions in aged depressed patients [31] . Neuroimaging studies have demonstrated that LLD is associated with reduced gray matter volume in frontostriatal and limbic networks (including prefrontal cortex, hippocampus, amygdala, putamen, and thalamus) [9, 32] .
During the last years the role of oxidative stress and neuroinflammatory mechanisms as mediators in depressive disorders was advocated [33] [34] [35] . Indeed, a prolonged neuroinflammatory response has a negative effect on both mental and physical health [36, 37] . Depression can be considered as a "neuropsychiatric manifestation of a chronic inflammatory syndrome" also because it is associated to several autoimmune and neurodegenerative diseases, gastrointestinal dysfunctions, type 2-diabetes and also cancer, in which chronic low-grade inflammation is present [37, 38] .
It has been demonstrated that patients with LLD showed a high degree of dysregulation of the hypothalamic-pituitaryadrenal (HPA) axis activity [39] . Namely, in comparison to healthy controls depressed older adults exhibited increased levels of basal cortisol during the diurnal cycle, in particular during the evening and night hours. This might depend on several mechanisms, encompassing central nervous system and immune-endocrinological alterations and physical illnesses.
Brain-derived neurotrophic factor (BDNF), which regulates neurogenesis, neuronal survival, and neuroplasticity, is reduced in patients with depression [40] . In rodent models, the prolonged hyperactivation of the HPA axis, and the resulting prolonged exposure to glucocorticoids, may lead to a reduction in BDNF levels and therefore to a lack of adult hippocampal neurogenesis [41] . Taken together all these factors may lead to a reduction in hippocampal volume, which is associated with depression and memory decline in older adults [2] .
Depressive symptoms are also linked to an imbalance in the three main monoamine neurotransmitters in the brain (i.e., serotonin, dopamine, and norepinephrine) [42, 43] . The different symptoms of depression are attributable to different neural systems. Dopaminergic mesolimbic system modifications are linked to anhedonia [44] . Serotonergic and noradrenergic system modifications are involved in the regulation of mood [43] . It is also known that serotonin as well as neurotrophic factors decrease during aging [45] .
There is a bidirectional and reciprocal communication between the nervous system and gut microbiota [46] . The age-associated decline of the immune system accompanied by chronic low-grade inflammation [47] seems to have a close relationship with both structure and composition of the gut microbiota [48] . Since age-related neurodegenerative diseases and depression are associated with inflammation [49] , it can be inferred that gut microbiota composition is influenced by age-related depression. It is interesting to note that Ogbonnaya and colleagues have discovered a correlation between gut microbiota and hippocampal neurogenesis [50] . Furthermore, a recent study by Zheng et al. [51] demonstrated that mice harbouring the gut microbiota from MDD patients exhibited depressive-like behaviors.
Although depression is a very common psychiatric disorder in the elderly, it is still often undiagnosed or misdiagnosed, or treated like a normal feature of aging [52] . In fact, older people tend not to complain of being depressed, being instead more prone to talk about their physical illness. By contrast, a right diagnosis could lead to the right help. To this aim non-invasive, low-cost interventions based on exercise or dietary supplements have sparked researchers' interest [53, 54] . This review focuses on the effects of exercise and omega-3 fatty acids on the pathophysiological alterations implicated in depressive illness during aging. Namely, we will examine how antidepressant properties of exercise and omega-3 fatty acids may affect brain volume, neuro-transmission, synaptic plasticity, neuroinflammation, and gut microbiota.
EFFECTS OF PHYSICAL EXERCISE ON DEPRESSIVE ILLNESS IN THE ELDERLY
The leading treatments against depression for the elderly include antidepressant treatment, electroconvulsive therapy, cognitive psychological therapy, and exercise [55] . For that which concerns the most used therapy, namely the pharmacological treatment, numerous studies have demonstrated that the elderly display critical differences in respect to younger patients regarding the metabolism of the medicines [5] .
Antidepressant treatments can also have relevant collateral effects, customarily targeting the cardiovascular system [56] , they have extremely elevated costs [57] , and they can be associated with the risk of the elderly falling [58] . Additionally, elderly patients affected by depression are frequently receiving further pharmacological treatments to fight the common pathologies tied to ageing, with the risk of generating adverse reactions due to interactions between different medicines [59] . In a recent study, it was established that 22.8% of the elderly affected by depression uses in a discontinuous manner the various pharmacological treatments, while 17.9% is forced to switch to a different curative regime because of the collateral effects of antidepressant drugs [60] . Keeping in consideration all of the inconveniences and difficulties correlated to the treatments with antidepressants, in the past years physical exercise is emerging as a possible alternate therapeutic approach applicable to patients of all ages. Undeniably, various studies have clearly shown a beneficial effect of physical activity in adults affected by depression [61] . On the other hand, data regarding the equivalent effects in older patients with depression are quite contradictory and non-definitive [62] , as a consequence of the fact that physical therapies used for the higher age range are diverse within themselves, and most of the time the more beneficial ones (such as running and cycling) cannot be prescribed to older depressed patients [63] . The primary antidepressant physical therapy interventions comprise resistance training, power walking, yoga and Thai Chi [64] . As previously stated, there exists an ample variability of scientific evidence concerning the effects of physical exercise in contrasting the depressive symptoms in the elderly, starting with which exercise is being executed, the gravity of the depression, the age of the patient and from the fact that very frequently depressive symptoms diminish strongly the will to practice sports in many patients [65] . This last observation could mean that commonly, the participants in the exercise trial may not entirely represent the population of older people affected by depressive symptoms which range from more to less severe [66] . In a recent study, Underwood and colleagues have carried out a cluster-randomized controlled trial where they have analysed 891 elders (aged 65 years or older) whom lived in 78 nursing homes throughout England. In 35 of these, twice a week the inhabitants were subjected to group exercises associated with a sensitization campaign on depression for the staff, with a purpose to have them recognize depressive symptoms in elderly patients. In the other 43 nursing homes the older patients were not subjected to any physical exercise, while the staff was correspondingly trained to spot depressive symptoms in patients. At the end of the study, which lasted 12 months, no improvement whatsoever of depressive symptoms was seen in the elderly that exercised when matched to the control group; however, half of the residents of the 78 nursing homes were discovered to have symptoms steering towards depression that weren't previously diagnosed [67] .
Conversely, in a systematic review conducted by Bridle [66] , the authors' conclusion asserts that "for older people who are affected by clinically serious signs of depression, recommending structured exercise tailored to personal skills will decrease the severity of depression." In a further study, 138 people having more than 60 years of age with depressive symptoms have been sectioned in two groups. One group has followed for 12 months the PEARLS treatment (Program to Encourage Active Rewarding Lives for Seniors), which consists of an approach in which the elderly underwent physical and social activities, and problem solving. On the other hand, the second group followed the routine antidepressant treatment. At the end of the study it was determined that the PEARLS program had reduced by a significant amount the gravity of the depressive symptoms and had notably ameliorated the health status of the depressed patients which had taken part in it [68] . Further studies corroborated a positive role played by physical activity in the decrease of depressive symptoms in older patients. Indeed, it has been proven that the addition of a therapy based on physical exercise to the pharmacological treatment of depression is able to contribute more significant benefits in comparison to the exclusive use of medicines [69, 70] , reducing the cardiovascular risks associated to antidepressant drugs [71] . From these and many other researches it can be evinced that moderate physical activity plays a largely positive role equal to, if not even more, to that exercised by the pharmacological treatment and psychotherapy. It is in fact recognized that the elderly are frequently unable to take antidepressant medications, and very often they do not have the financial resources to regularly follow the psychotherapy sessions [65] , while physical activity is easy to practice consistently and has extremely low costs. In relation to this, recently the National Institute for Health and Clinical Excellence [72] has established some guidelines for the treatment of depression through physical activity. These guidelines recommend specific exercise programs supervised by an expert, three times a week (45-60 minutes) for 10-14 weeks, maintaining a low intensity for mild depressive syndromes [73] .
Effects of Physical Exercise on Brain Volume and Neurotransmission Alterations Linked to Depressive Illness in the Elderly
One of the main anatomical manifestations associated with depression is represented by the decrease of hippocampal volume of about 0.3-0.4 standard deviations in depressed patients compared to healthy controls [74] . However, a number of clinical trials have recently demonstrated an enhancement of hippocampal volume following physical activity. Indeed in a study it was observed that a 6-month exercise program was able to enhance of about 2% the volume of the hippocampus in healthy elderly adults [75] , and other re-searches supported this evidence by showing a direct correlation between increase in hippocampal volumes and in aerobic exercise [76, 77] . Further information has demonstrated that the enhancement of the hippocampal volume was strictly related to improved maximal oxygen uptake, increased BDNF, and better spatial and verbal memory [75, 78] . As far as the role of physical activity in the increase in hippocampal volume of depressed patients, at present there is only one study in which patients with depression were randomly divided into two groups: a group was subjected to aerobic exercise intervention consisting of three controlled trials per week during a period of three-month, while the other group followed the control medication. The results obtained clearly indicated that physical activity was not able to increase hippocampal volume in patients suffering with mild to moderate MDD [79] .
The positive action of physical exercise on the human brain, particularly in the aged human brain, is still very limited and the few data available was derived largely from animal studies [80, 81] . In many mouse and rat model research it has been demonstrated that physical exercise, more specifically voluntary or forced running, is able to finely modulate the main CNS neurotransmitters that are strictly associated with an individual's state of awareness (norepinephrine), the level of anxiety (serotonin) and the pleasure and reward system (dopamine). The antidepressant effect provided by physical activity could be explained by its specific role in modifying monoamine communication. It has been demonstrated, in animal models, that voluntary running is able to induce a significant enhancement of tryptophan in the plasma and the brain, as well as the levels of the serotonin metabolite, 5-hydroxy-indoleacetic acid (5-HIAA) [82, 83] . Another study has shown that running throughout a period of three weeks increased levels of serotonin transporters and 5-HT 2A receptors in sedentary males, while 4 weeks of intense exercise in well-trained athletes did not significantly modify serotonin transporters, and 5-HT 2A receptor density declined, proposing that the action of physical activity on serotonin neurotransmission system may be strongly associated with the intensity and duration of exercise [84] . Regarding the antidepressant effect of physical exercise in the elderly, Melancon and colleagues established tryptophan disposal to the nervous system during persistent activity in aged men; they also found that sustained exercise is able to induce a significant raise in tryptophan levels in the brain, suggesting the antidepressant action of exercise might be mediated by the increase in serotonin synthesis during the activity [85] .
Other lines of evidence hypothesized that dopamine synthesis is largely enhanced in exercised animals, which also show a decrease of D2 autoreceptor-mediated inhibition of dopamine neurons. Furthermore, in the basal ganglia of physically active animals it has been observed an increase of indirect pathway inhibition mediated by the D2 receptor.
[86]. A study from Dishman and colleagues linked the modification of noradrenergic transmission with exercise by showing that physical training improved the synthesis of tyrosine hydroxylase and noradrenaline levels in rodent undergone to chronic exercise [87] . However, synaptic dopamine concentrations are not altered after acute physical activity consisting of 30 minutes of highly dynamic exercise in adult volunteers [88].
Effects of Physical Exercise on Neurotrophic Factor, Neurogenesis, and Neuroinflammation Alterations Linked to Depressive Illness in the Elderly
The most powerful action of physical activity on the brain is represented by the very high increase in the levels of the neurotrophin BDNF. Indeed, it has been shown that aerobic exercise is able to increase BDNF mRNA levels in the lumbar spinal cord [89] , in the cerebellum [90] and in the in neurons localized in the dentate gyrus, hilus and CA3 region of the hippocampus [90, 91] . In humans, a recent study carried out on young volunteers revealed that acute exercise was able to enhance BDNF concentrations in the serum which had not quite reverted to basal level at 30 minutes post-exercise [92], even though most of the literature proposes for a transient increase in serum BDNF during physical activity. Concerning the functional effect of an exercisedependent increase of BDNF in the brain, many researchers suggest that it is possible to predict the risk of depression by analyzing the link between BDNF levels, hippocampal volume and the amount of physical activity. Other studies have highlighted that aerobic exercise might represent a pivotal tool for the depression treatment by enhancing BDNF level and consequently hippocampal size. Supporting this idea, two studies showed in elderly women with remitted depression [93] and in patients with panic disorders [94] a prolonged period of physical activity was able to increase the concentration of BDNF in serum.
Insulin-like growth factor-1 (IGF-1) represents another neurotrophin whose production in the serum and brain is highly stimulated during physical activity. It has been suggested that the exercise-induced enhancement of IGF-1 expression might be correlated with a mood improvement and that IGF-1 might act as a mediator of the proneurogenic action exerted by physical activity [95] . Fibroblast growth factor-2 (FGF-2), that triggers adult neural stem cell proliferation, is another mitogen protein whose hippocampal levels are highly induced after exercise [96] . Relevant interactions between IGF-1 and FGF-2 have been identified, as FGF-2 enhances IGF-1 receptors and IGF-1 binding protein [97] , and IGF in vitro increases the action of FGF-2 on progenitor proliferation [98] .
Hippocampal neurogenesis plays a pivotal role in mediating antidepressant effects of physical exercise and antidepressants [99] . Indeed, physical activity stimulates many aspects of hippocampal plasticity, including adult neurogenesis, dendritic arborization and synaptic plasticity [100] . Moreover, several studies have demonstrated that increased hippocampal neurogenesis has a positive action on depressive-like behavior in depressed animal models [101, 102] . Consequently, the ablation of hippocampal neurogenesis with x-irradiation is sufficient to arrest the effect of antidepressant treatment on depressive-like phenotypes [103] . Moreover, the infusion of the anti-mitotic Ara-c for 2 weeks not only impaired proliferation, but also ongoing hippocampal adult neurogenesis in the depressed mice-model. It has been shown that the function and structure of the hippocampus is strictly dependent on corticosteroid (CORT) levels.
Reiterated injection of CORT in rodents represents a consistent way for inducing stress and analyzing the role of stress in depressive disorders [104] . By this method a study has shown that, in a CORT-induced animal model of stress, physical activity induced BDNF levels, hippocampal adult neurogenesis and dendritic remodeling, which represented characteristic features of the beneficial effect of exercise on stress.
The adiponectin, a protein hormone secreted by peripheral mature adipocytes, has been recently demonstrated to play a pivotal role in mediating the enhancement of hippocampal neurogenesis and mitigation of depression following physical exercise. Indeed, intra-cerebroventricular overexpression of adiponectin mirrored the pro-neurogenic action of voluntary running, including the improvement of hippocampal adult neurogenesis and the proportional decline of depressive-like behavior, proposing the functional correlation between these two factors [105] . Conversely, the basal level of neurogenesis was not affected by adiponectin deficiency, while the authors observed a significant reduction of running-induced adult neurogenesis and weakened antidepressant action induced by physical activity in adiponectin deficient mice model. These data suggest that increased production of adiponectin mimics the antidepressant action of physical exercise by promoting hippocampal neurogenesis [105] . Another brain mechanism that putatively links physical activity to an improvement in depression is represented by inflammation. It has been shown that sickly behavior with symptoms consistent with depression can be produced by inflammation originating from a peripheral immune activation [106] . The main replicated inflammation-related factors in depression are represented by elevated serum and plasma levels of interleukin (IL)-6, IL-1β and tumor necrosis factor α (TNFα) [107] . Indeed, a recent study has shown that in patients with MDD there are significant differences in IL-6 levels in respect to controls [108] . Moreover, elevated IL-6 levels were also detected in the cerebrospinal fluid of depressed patients, as well as in the frontal cortex of a rat model with depressive-like behavior [109, 110] . More recently, a meta-analysis evaluating 82 studies revealed increased levels of cytokines, including IL-6, in patients suffering with MDD in comparison with healthy controls [111] . Inflammation might also indirectly affect the progression of depression by dysregulating neurotransmitter systems [112] . For instance, the tryptophan metabolism is upregulated by pro-inflammatory cytokines, giving rise to functional ligands (e.g. kynurenic acid and quinolinic acid) which deeply affect NMDA receptors and more generally the dopamine system [112] . A recent study showed that exercise-dependent increase of skeletal muscle kyurenine aminotransferase positively affects the kynurenine pathway, which in turn results in an improved protection against stress-induced depressive symptoms [113] .
Physical activity modulates pro-inflammatory factors, providing an alteration of the number and the function of the immune system [114] . In this regard, the beneficial action of physical activity on inflammation might be partly due to the anti-inflammatory role of regular physical activity. These protective effects exerted by exercise are mediated by decreased visceral adiposity and/or enhancement of antiinflammatory cytokines, among which the IL-1 receptor antagonist and IL-10 [115] .
Importantly, the anti-inflammatory role exerted by exercise has been recently associated with improvement in the clinical manifestation of depression [116] . Indeed, 12 weeks of aerobic physical activity among 105 depressed patients produced alterations in IL-1β levels and enhancement in baseline levels of TNFα, resulting in a significant amelioration of depressive symptoms [117] . Moreover, in a recent analysis it was demonstrated that increased serum levels of IL-6, at baseline, were linearly related with large improvements of depression in a clinical course over 12 weeks of physical activity and, conversely, that higher baseline depression manifestation was linearly associated with stronger reductions in serum IL-6 levels [118] . However, at least 5 studies did not find any correlation between physical activity and changes in inflammatory markers in patients affected by depression [119] .
EFFECTS OF OMEGA-3 FATTY ACIDS ON DEPRESSIVE ILLNESS IN THE ELDERLY
The notion that a poor diet may be a risk factor for the onset of depression has only recently emerged [120] . Among nutrients, omega-3 fatty acids are thought as "potent foodderived plasticity inducers" [121] . In fact, this family of polyunsaturated fatty acids is derived from α-linolenic acid (ALA) that cannot be synthesized by humans and thus must be obtained from the diet [122, 123] . Dietary sources of ALA include plant oils like flax, canola, soybean, perilla, chia, and walnut oils [124] . Dietary sources of the longer omega-3 fatty acids, as eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA), include marine algae, animals, and phytoplankton [125, 126] . Fish, squid, and krill oils are rich in EPA and DHA [123, 124] .
Omega-3 fatty acids are incorporated into cell membranes, and play a role in anti-inflammatory processes and cell membrane viscosity [126] . EPA and DHA are essential for proper brain development and function from childhood to old age [123, 126] . DHA is a key component of neuronal membranes and contributes to synaptic membrane fluidity and regulation of cell signaling [126] [127] [128] . EPA and DHA are also the precursors of anti-inflammatory and proresolving lipid mediators, such as resolvins and protectins, considered to be beneficial in the treatment and prevention of numerous diseases [129] .
The increased prevalence of depressed mood and anxiety over the last decades has been associated with an excessive consume of saturated fats and refined sugar, as well as with a raise in the ratio of omega-6 to omega-3 fatty acids [130] [131] [132] [133] [134] [135] [136] [137] [138] [139] [140] [141] [142] . In particular, nutritional research indicates that the "Western diet" does not provide the aged brain with an optimal supply of omega-3 fatty acids [143] . In addition, low cerebral omega-3 fatty acid levels observed during aging are linked to reduced absorption, decreased capacity of omega-3 fatty acids to cross the blood-brain barrier, and diminished facility to convert shorter chained fatty acids into longer fatty acids [144] . On the other hand, healthful ways of eating, such as Mediterranean diet or feeding "whole food" vs.
"processed food", have been related to an inferior risk of depression and mental illness [137, [145] [146] [147] [148] [149] . Some studies have demonstrated that a greater adherence to a Mediterranean-based diet (comprised of high levels of fish, fruit, vegetables, whole grains and legumes, low levels of foods with added sugars, and a low consumption of red meat) was associated with a reduced number of depressive symptoms at an older age [52, [150] [151] [152] [153] [154] . Anyway, the protective role of the Mediterranean diet against depression may depend on the synergic positive actions of a variety of foods with a high content of omega-3 fatty acids, such as oily fish, as well as of other dietary components, such as B vitamins [155, 156] .
Up until today a growing number of animal and human studies has pointed out that low levels of omega-3 fatty acids are involved in the development of mood disorders, while omega-3 fatty acid intake is associated with reduced depressive symptomatology, even at an old age [120, [157] [158] [159] [160] [161] [162] [163] [164] . However, results from randomized controlled trials are mixed with some meta-analyses indicating omega-3 fatty acid supplementation benefits in clinically depressed individuals, depending [165] [166] [167] [168] [169] or not [170, 171] on the symptom severity or EPA/DHA dosage, and other ones indicating small, non-significant effects [172, 173] . A meta-analysis of omega-3 fatty acid use for bipolar disorder showed benefits only for depressive episodes and not for manic or hypomanic episodes [174] .
Overall the evidence suggesting a role of omega-3 fatty acids in preventing and alleviating depression and mood disorders during aging, even though not entirely conclusive, points to many protective mechanisms [53, 175] acting on brain volume, neurotransmission, neurotrophic factors, neurogenesis, neuroinflammation, and gut microbiota.
Effects of Omega-3 Fatty Acids on Brain Volume and Neurotransmission Alterations Linked to Depressive Illness in the Elderly
The converging evidence on the antidepressant action of omega-3 fatty acids at an old age is significant, since depressive symptoms can be linked to many aging-associated disorders, such as metabolic disorders and dementia [176, 177] , and are often associated with age-related atrophy in the hippocampus and the prefrontal cortex [32, [178] [179] [180] . A few human studies indicate that omega-3 fatty acid intake may be associated with white matter integrity and greater gray matter volume (in brain areas such as orbitofrontal cortex, hippocampus, and amygdala) in parallel with a reduction in depressive symptoms during aging [181] [182] [183] . In this regard, recent interventional studies in aged mice demonstrated that omega-3 fatty acid supplementation can counteract atrophy in specific brain regions (such as prefrontal and restrosplenial cortices, and hippocampus) and increase active coping responses [184, 185] . These results fit nicely with human and animal evidence of omega-3 fatty acid-induced structural brain changes (such as the reduction in the lateral ventricular volume and the increase in the hippocampal volume) accompanying reduced depressive symptoms in adult, not aged subjects [186] [187] [188] [189] . Further data will be available at the end of the Better Resiliency Among Veterans and non-Veterans with Omega-3's (BRAVO) study, a randomized controlled trial among individuals (aged 18-90 years) at risk for suicide that will determine if dietary supplementation with omega-3 fatty acids is able to reduce suicidal behaviors and depressive symptoms, and will further provide functional MRI data [190] .
Despite the mechanisms of the antidepressant action of omega-3 fatty acids are not yet fully understood, it has been reported that their deficiency is associated with dysfunctions of serotonin, dopamine, and norepinephrine neurotransmission, which is closely involved in mood disorders [191] . For instance, animal studies have shown decreased concentrations of serotonin in the frontal cortex and lower expression of the serotonin synthesizing enzyme tryptophan hydroxylase in the midbrain as a consequence of dietary omega-3 fatty acid deficiency [192] [193] [194] [195] . On the contrary, feeding a diet supplemented with omega-3 fatty acids increased brain and plasma concentrations of serotonin, and could reverse deficits of serotonin turnover in rodent models of depression [195] [196] [197] [198] . Many human studies have reported associations between a decrease in serotonin and omega-3 fatty acid levels, and an increase in depressive symptoms [191] . Furthermore, the interaction between the serotonin transporter genotype and omega-3 fatty acid intake has been reported as a risk factor for post-partum depression [199] . Dopaminergic systems are also influenced by dietary omega-3 fatty acid intake. In particular, omega-3 fatty acid consumption has been positively associated with dopamine and serotonin levels in healthy human subjects [200] and rats [201, 202] . In rats being fed a diet deficient in omega-3 fatty acids, the expression of D2 dopamine receptors was decreased in the ventral striatum and in the frontal cortex, and increased in the nucleus accumbens [203, 204] .
Interestingly, complex associations between omega-3 fatty acid levels or omega-6:omega-3 fatty acid balance and dopaminergic indices (such as plasma prolactin and cerebrospinal fluid homovanillic acid) have been reported in adults with MDD [205] . These findings are consistent with a model in which low omega-3 fatty acids are associated with a constitutively greater rate of dopamine breakdown and indicate that omega-3 fatty acids may influence depression pathophysiology through specific effects on the dopaminergic system.
Finally, alterations in the noradrenergic system, such as increased density of β-adrenergic receptors in the frontal cortex and alterations in α1 and α2 receptors, have also been observed in post-mortem brains of suicide completers [206] [207] [208] . Additionally, β3-adrenergic receptor agonists may exert antidepressant effects comparable to fluoxetine or imipramine for the treatment of anxiety and depressive disorders [209] . The modulating action of omega-3 fatty acids on noradrenergic neurotransmission has been relatively little investigated, so data on this issue are still controversial. In animal studies, decreased cortical, hippocampal, and striatal norepinephrine levels associated with behavioral disturbances were observed in rats fed a diet deficient in omega-3 fatty acids from birth [210] . As for human studies, EPA and DHA supplementation for 2 months reduced plasma norepinephrine concentrations in healthy young adults [211] .
To our knowledge there have been no animal or human studies investigating the role of omega-3 fatty acid supplementation in modifying serotonin, dopamine, and/or norepinephrine levels to prevent depressive symptoms in aged subjects. Promising results are expected from an ongoing randomized controlled trial [9] comparing omega-3 fatty acid or sertraline (a selective serotonin re-uptake inhibitor) interventions in preventing depression in an older age cohort.
Effects of Omega-3 Fatty Acids on Neurotrophic Factor, Neurogenesis, and Neuroinflammation Alterations Linked to Depressive Illness in the Elderly
As mentioned above, BDNF has a pivotal role in the pathogenesis of depressive disorders [212] . Interestingly, dietary omega-3 fatty acid deficiency leads to reduced expression of BDNF [192, [213] [214] [215] , while dietary omega-3 fatty acid supplementation results in elevated expression of BDNF [189, 198, [216] [217] [218] [219] . However, to date no studies are available on the effects of omega-3 fatty acids on neurotrophic factor levels in the presence of depressive symptoms during aging.
Omega-3 fatty acid levels are positively associated with neurogenic and synaptogenic functions [126, [220] [221] [222] [223] . Namely, an enhancement of hippocampal neurogenesis has been observed following the increase in brain omega-3 fatty acids [224] . Beneficial effects on hippocampal neurogenesis have also been reported in aged mice and rats supplemented with omega-3 fatty acids, and were accompanied by enhanced neuronal density, neurite outgrowth and microglial cell number, diminished neurodegeneration indices (i.e., lipofuscin, caspase-3, astrogliosis levels), better cognitive functions, and more active coping skills [184, 185, 225] . Omega-3 fatty acids have demonstrated a marked neuritepromoting potential also in the sensory neurons of the dorsal root ganglia from aged rats [226] . The endocannabinoid system seems to be implicated in omega-3 fatty acid effects on adult neurogenesis, since the EPA-induced increase in the proliferation of neural stem cells has been reported to be associated with increased levels of the endocannabinoid 2-arachidonylglycerol [227] .
It is well-known that omega-3 fatty acids are able to mitigate inflammation. For example, rats that consumed omega-3 fatty acid deficient diets from birth showed higher plasma levels of IL-6, C-reactive protein, and TNFα, which were reversed by subsequently feeding them with an ALAcontaining diet [195] . In addition, EPA modulates the immune function by reducing membrane arachidonic acid and prostaglandin E2 synthesis [228] . Thus, another potential mechanism for the antidepressant action of omega-3 fatty acids is via regulation of neuroinflammation and oxidative stress [2, 37, 229, 230] . In fact, omega-3 fatty acids show inverse associations with depressive symptoms among individuals with higher oxidative stress levels [231] . Furthermore, several researches indicate that omega-3 fatty acids may exert antidepressant effects when depression is associated with inflammation [37, 232] . As for human studies, a randomized controlled trial found that EPA is able to prevent depression in hepatitis C virus patients which received interferon-α therapy [233] . Omega-3 fatty acids have been reported to attenuate both endotoxin-induced inflammation and sickness behavior in rodents and humans [234] [235] [236] [237] . In rats, omega-3 fatty acid administration alleviated the behavioral, inflammatory, and oxidative stress consequences of the treatment with doxorubicin, a chemotherapeutic agent widely used in human malignancies whose long-term use may provoke depression [238] . Anti-inflammatory properties of omega-3 fatty acids were reported even at an old age. Namely, dietary supplementation with EPA in aged rats decreased cortical and hippocampal IL-1β, interferon-γ, and IL-4 [239] [240] [241] [242] . Both DPA and EPA decreased age-related microglial activation and oxidative stress in aged rats [243] . An important anti-inflammatory effect of both EPA and DHA in vitro in peripheral blood mononuclear cells was reported in Alzheimer's disease (AD) patients [244] . Epidemiological and observational studies have demonstrated inverse correlations between omega-3 fatty acid levels and inflammatory biomarkers, such as IL-6, C-reactive protein, and TNFα, during aging [245] [246] [247] [248] . Importantly, also telomere length, which is regulated by the exposure to proinflammatory cytokines and oxidative stress, increases with decreasing omega-6:omega-3 fatty acid ratio and increasing omega-3 fatty acid blood levels during aging [249] [250] [251] .
To date, the strongest support for an anti-inflammatory effect of omega-3 fatty acids, shedding light on their antidepressant properties in the elderly, has come from a study by Kiecolt-Glaser and colleagues [252] demonstrating that the supplementation with EPA and DHA reduced serum IL-6 and TNFα levels in overweight, sedentary middle-aged and older adults, a population at high risk for depression. In a previous study [253] a higher omega-6:omega-3 fatty acid ratio in older adults was associated with elevated TNFα and IL-6 levels as depressive symptoms increased.
Finally, omega-3 fatty acids are a source of docosanoids, such as protectins and resolvins, that have anti-inflammatory properties [254] [255] [256] . Interestingly, it has been demonstrated that resolvin D1 decreases post-myocardial infarct depressive symptoms in rats [257] . Intracerebroventricular infusion of resolvin D1 and D2 produced antidepressant effects in a murine model of depression induced by lipopolysaccharide (LPS) injections [258] . Moreover, neuroprotectin D1 showed a significant role in brain cell survival and repair in aging disorders [259] . Given these promising findings, future researches on the antidepressant effects of omega-3 fatty acids via docosanoids in aging are expected.
IMPLICATIONS OF PHYSICAL EXERCISE AND OMEGA-3 FATTY ACIDS ON GUT MICROBIOTA ALTERATIONS LINKED TO DEPRESSIVE ILLNESS
As illustrated before, physical activity is able to mitigate inflammatory processes, and it has been hypothesized that one of the mechanisms through which it occurs might be through a direct effect on the modulation of gut microbiota composition [260] . However, there are few studies in this regard and most of them have been carried out in animal models. In a recent study, it has been shown that mice performing exercise display differences in 2510 taxa of bacteria in comparison with the sedentary group. More specifically exercised mice showed more abundance of the Lactobacillus order, which have been demonstrated to induce health benefits on the human body [261, 262] . Furthermore, in a study performed by analyzing different rat strains, an increase in Lactobacillus genus was observed in obese rats after physical exercise [263] . In the unique study carried out on humans until now, Clarke and colleagues observed that a group of rugby players showed a greater diversity on microbial species -22 phyla, 68 families and 65 generarespect to the control group [264] . However, there is currently no evidence describing a putative correlation among physical activity, gut microbiota composition and depressive symptoms during aging.
Mood, stress, and diet can all influence the gut microbiota and promote intestinal permeability, closely linked to enhanced inflammatory responses [37, 265] . Many studies have shown a contribution of omega-3 fatty acids on anxiety and depressive-like behaviors through a modulation of the gut microbiota. For example, adult male mice subjected to social isolation and then supplemented with DHA showed reduced anxiety and depressive-like behaviors accompanied by alterations in the commensal microbiota composition [266] .
Long-term supplementation of EPA and DHA could restore the disturbed gut microbiota composition and attenuate the corticosterone response to acute stress of female rats subjected to a procedure of maternal separation, considered an early-life stress, and thus a risk factor for mood disorders [267] .
Neurobehavioral development is highly dependent upon the availability of omega-3 fatty acids during gestation and for the lifetime, with implications for gut microbiota composition, HPA axis activity, and inflammation. In fact, mice fed a omega-3 fatty acid deficient diet from gestation displayed depressive behaviors accompanied by dysfunctional alterations in gut microbiota composition (increased Firmicutes:Bacteroidetes ratio) and blunted systemic LPS responsiveness, while mice fed a omega-3 supplemented diet displayed enhanced behavioral abilities along with a beneficial impact on the gut microbiota (increased fecal Bifidobacterium and Lactobacillus levels) and dampened HPA axis activity [268] .
Intestinal microbiota alteration (i.e., dysbiosis) is present in several chronic inflammatory diseases, but it has not been well studied in the elderly. Aged mice fed a high-fat diet rich in omega-6 fatty acids showed ileal bacterial overgrowth, increased body mass and infiltration of macrophages and neutrophils, while fish oil supplementation was able to restore the microbiota and reverse the intestinal inflammation [269] .
Overall these studies show that omega-3 fatty acids may improve affective behaviors through their role in the regulation of gut microbiota. However, further studies are needed to elucidate the interactions among omega-3 fatty acid levels, gut microbiota composition, and depressive symptoms during aging.
ADDITIONAL EFFECTS OF EXERCISE AND OMEGA-3 FATTY ACIDS ON DEPRESSIVE ILLNESS IN THE ELDERLY
A growing body of evidence indicates that exercise and diet exert beneficial effects on depression [120] , while less is known about their collaborative antidepressant effects [270] . Animal studies have demonstrated that DHA supplementation associated with voluntary exercise boosted the beneficial effects of each single intervention alone, by additionally enhancing spatial learning and synaptic plasticity [271, 272] . The combination of exercise and a complex dietary supplementation (containing also flax seed oil as source of omega-3 fatty acids) increased hippocampal neurogenesis and neurotrophic factors in chronically stressed mice, while these benefits were not observed if the animals were exposed to each intervention alone [273] .
As for human researches, a pilot study reported that combined omega-3 fatty acids, aerobic exercise, and cognitive stimulation may prevent gray matter volume loss in frontal, parietal, and cingulate cortex in patients with mild cognitive impairment [274] . A randomized controlled trial by Schättin and de Bruin [275] is now investigating the effectiveness of exergame training (a kind of physical exercise based on video games) combined with omega-3 fatty acid supplementation in counteracting age-dependent neuronal changes in the brain. From a clinical point of view, the combined antidepressant effects of exercise and omega-3 fatty acids underpin the "Antidepressant-Lifestyle-PsychologicalSocial (ALPS) depression treatment model", an evidencebased integrated mental health approach including pharmaceutical medicines as well as psychological therapies, complementary medicines, nutraceuticals, and physical activity [276] .
ROLE OF COGNITIVE AND BRAIN RESERVE IN DEPRESSION DURING AGING
One of the aspects associated to depression during elderly age is represented by the appearance of cognitive deficits as a direct consequence of the mood disorders [277] [278] [279] . However, other studies have suggested a reverse causation, i.e. a decrease in cognitive functions which may lead to depressive symptoms [280, 281] . The relationship between depression and cognitive activity during ageing has led some researchers to hypothesize a positive role of the Cognitive Reserve (CR) and Brain Reserve (BR) in alleviating or delaying the onset and severity of depression as well as in preventing the cognitive dysfunctions related to the depressive symptoms. The CR is related to "the capacity of the brain to resist the expression of symptoms in the face of existing neuropathology" [282] . This functional model encompasses the cognitive capacity of information processing and predicts that differences in the efficiency or flexibility of the brain network underlying task performance affects the individuals' capability to cope with brain pathology, thus suggesting that the brain can compensate a pathological decline by using pre-existing cognitive processes [283] . On the other hand, the BR has been proposed to describe some individuals showing an improved "baseline adaptive neuroplasticity" whom are able to provide larger dynamic capacity for modifying and refining neural circuits to different stressors. In this context it has been suggested that BR, as an index of brain plasticity, may account for quantitative differences in brain resources (i.e., a larger brain, more neurons and synapses), explaining individual differences in task performance or in coping with neuropathologies [284] . Experiences in early life, such as education, occupational complexity, and engagement in cognitively stimulating activity throughout life, are strictly associated to greater synaptic density and cognitive function in later life [283] . Moreover, as widely discussed above, several studies have shown that physical activity and omega-3 enriched diet are able to modulate common neuroplasticity substrates (neurotrophic signalling, neurogenesis, inflammation, stress response, and antioxidant defence) which contribute to the morphological and cognitive enhancement observed in the BR and CR [285] . These models are usually applied in the field of neuropathologies, showing particular attention in highlighting variability in the symptomatic responses of AD patients as a result of a different structure (BR) and functionality (CR) of the brain [286] . To date, research addressing the question of whether higher cognitive or BR might decrease the symptoms of depression and related psychological aspects on cognitive function during ageing remains limited, with inconstant data. In this regard, a recent study has shown that a high CR is able to mitigate the cognitive dysfunctions often produced by depression [287] , while another research has highlighted how BR, characterized by educational attainment, counterbalances the depressive symptomatology in older women thereby preserving mood in late life [288] .
CONCLUSION
Although much remains to be clarified about the specific molecular mechanisms through which physical activity and diet influence brain plasticity, the growing literature here summarized supports the idea that both these two noninvasive and effective interventions can promote mental health throughout the lifespan of an individual [54, 120] .
Over the past centuries, the drastic change in lifestyle has produced a growing sedentariness followed by deleterious consequences on human health and social costs [289] [290] [291] . Thus, tailored interventions aimed to improve overall wellbeing by increasing physical activity in older adults are particularly favourable. In the same manner, the protective function of dietary omega-3 fatty acids in brain integrity during aging corroborates their efficacy against age-related mood disorder vulnerability. For these reasons, an active lifestyle and a balanced diet may constitute valid low-cost prevention strategies to counteract depressive illness in the elderly, even considering the dramatic increase in current general life expectancy.
Aging is a great challenge with regard to interventions aimed at increasing physical activity, because elderly people tend to show decreased motor skills and coordination [292] . Motivation is also important when studying interventions aimed at enhancing physical activity in the elderly [293] . Therefore, motor activities should be appealing and possibly held in company of others, so that older people can be more motivated to engage in them, and in parallel can strengthen their mental and social skills [294] [295] [296] . Future studies should also better define the antidepressant role of the different omega-3 fatty acids (e.g., ALA, DHA, and EPA), also taking into account that advanced age impairs the capacity of omega-3 fatty acids to cross the blood-brain barrier and reach the brain tissues.
Finally, the consideration that depressive illness is not a homogenous disease and there is high variability among depressed patients denotes that each individual could respond differently to treatment, and thus support the use of a vast range of interventions, encompassing both exercise and nutritional factors (such as omega-3 fatty acids), especially at an old age, when subjects are more susceptible to the side effects of drugs [297, 298] .
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